Abstract
The influence of preannealing treatments on the polymorphic crystallization of lithium disilicate glasses is examined. As expected, glasses heated at different rates through the temperature range where there is significant nucleation develop widely different numbers of nuclei. This can dramatically influence the stability and transformation characteristics of the annealed glass. Non-isothermal diflerential scanning calorinletry (DSC) and differential thermal analysis (DTA) measurements are demonstrated to be useful to probe the nucleation behavior. The first systematic investigations of particle size effects on the non-isothermal transfl)rmation behavior are presented and discussed. Based on DTA and microscopy experiments, we show that small particles of lithium disilicate glasses crystallize primarily by surface crystallization. The relative importance of surface versus volume crystallization is examined by varying panicle size, by introducing nucleating agents and by exposing glasses to atmospheres of different water content. These data are analyzed quantitatively using a numerical model developed in a second paper following in this volume. solution to the original glass batch. This was then melted and quenched in the same manner as for the undoped LS2 glass.
Introduction
To further elucidate the relative roles of surface versus volume crystallization, samples made from three different particle sizes of the as-quenched LS2 glass were exposed to a closed, moist atmosphere of 100% relative humidity for 80 h (wet samples) before being scanned in the DTA. These results were compared with those from DTA scans of samples made from as-quenched glass particles of the same size, that were dried at 120°C for 80 h (dry samples) and then scanned in the DTA.
Results and discussion
DSC/DTA crystallization peaks can be characterized by three parameters, the maximum peak height, (_T)p, the peak full width at half maximum (ATp) and the peak temperature, Tp. Often attention is given only to Tp. When properly analyzed as a function of scan rate, for example, shifts in Tp are generally believed to provide information about the activation energy for the transformation [9, 10] , although the general validity of this technique has been questioned [3] [4] [5] . A decrease in the peak temperature with increased preannealing time has also been used to explain the observed decrease in the glass stability due to an increase in the number of internal nucleation sites resulting from the annealing treatment. As we will show here and in the companion paper [6] , the additional peak parameters can also provide important information about nucleation and growth.
Studies of the complete peak profile, for example, can often reveal features about the mode of crystallization and the evolving microstructure that are not manifest in the peak temperature alone. In this section we present the changes in the peak profile parameters for the crystallization of lithium disilicate glass under non-isothermal conditions as a function of preannealing treatment, particle size and the density of nucleating agents.
Non-isothermal nucleation
The solid circles in Fig. 1 The open circles in Fig. 1 show the values of (ST) e measured previously [8] tk_r the same LS2 glass as a function of isothermal hold time at 453°C (top axis). This is the experimentally determined temperature for the maximum nucleation rate in LS2 glass [7, 8] . The heating rate used for crystallization after completion of the isothermal hold at 453°C was the same (15°C/min) as was used to obtain the data indicated by the solid circles in Fig. 1 . The nucleation times at 453°C scale with q),, producing nearly identical values of (ST) e in the two cases. This suggests that the duration of an isothermal anneal at the peak nucleation temperature required to produce a result that is identical to a scan experiment can be calculated simply by computing the time required to scan between 425°C and 500°C, the range where the measured steady-state nucleation rate is significant. This is a surprising result given the strong temperature dependence of the steady-state nucleation rate near the peak, although similar behavior has been assumed on cooling [11, 12] . An analysis of the time-dependent nucleation behavior is required for an explanation: this is presented in our companion paper [6] . Briefly, the nucleation rate in the asquenched glass is depressed significantly below the steady-state value [13] . During the DSC/DTA heating, the nucleation rate rises above the steady-state value, but at a temperature higher than the peak in the steady-state nucleation rate [5] . As is discussed in this paper, however, it remains possible to gain some qualitative insight into the transformation process, provided that microstructural information is also included in the model.
As is illustrated in Fig. 2 [3] [4] [5] ; it is believed to yield a value of E that has a little physical significance for transformations involving both nucleation and growth [5] . It has been demonstrated both experimentally [14, 15] and theoretically [5] , however, that E is approximately equal to the activation energy for crystal growth over the range of the DTA peak temperatures, proHded that the glass sample is saturated with nuclei prior to crystallization in DTA. In this case, no significant additional nucleation occurs and the transformation proceeds by growth only,. This condition can be achieved (1) by using glass powders of extremely small particle size (< 50 p,m in diameter), so that the number of surface nuclei greatly exceeds the number of volume nuclei formed during the DTA scan, or (2) by nucleating the glass at the temperature corresponding to the maximum nucleation rate lbr a considerable time (e.g., 8-10 h in many glasses)
prior to crystallization in DTA [14, 15] , ensuring that relaxation to the steady-state distribution is complete and that the fraction of new volume nuclei forming during the scan is inconsequential.
Kissinger plots for the LS2 glass scanned non-isothermally at different heating rates through the nucleation zone are shown in Fig. 3 Et; = 282 kJ/mol [16] . Based on Fig. 1 , the glasses nucleated at slower heating rates (< 3°C/min) contained a much larger number of nuclei than the glasses nucleated at rates > 3°C/min. That the activation energies of transformation are independent of qb is due to the separation between the peaks in the nucleation and growth curves for this glass. The transformation temperature for the glass is well above the temperature range for which significant nucleation occurs {even taking into account the transient effects), and no significant number of new nuclei apparently form during the transformation of the glass. The calorimetric signal is then dominated by, crystal growth on the pre-existing fixed number of nuclei.
The DTA peak width, (AT)p, defined as the width of the DTA crystallization peak at half-maximum, is predicted to be a qualitative measure for the dimensionality of the transformation, n, [17] , particular _b, __Tp increases and n decreases with increasing @. up to 3°C/rain, suggesting a reduced dimensionality t`or crystal growth. As will be shown. this is due to the dominance of surface over volume growth.
For values of @._ greater than 3°C/rain, both 3,T_ and I1 are independent of q).; n is close to 1 indicating the increased importance of surface crystallization.
The functional form of _Tp and n with 49. is the same as that found for the DTA peak height. (ST)p (Fig. 1) . although the direction of change is opposite for .XTp. The same general conclusions, namely, the formation of internal nuclei at sufficiently slow heating rates and the existence of a critical heating rate (3°C/rain) above which no significant number of new nuclei form in the LS2 glass can therefore be interred. The value of n at each qb, is higher ['or higher _. (compare ,t for q{ = 10 and 15°C/min in Fig. 6 ), which is, again, probably because a higher 05 pushes the transformation to a higher temperature, where the growth rate is larger, increasing the importance of the volume transformation.
As is illustrated in Fig. 7 , the importance of surface crystallization can be observed directly from a study of the crystallization microstructure. Fig. 7(a) shows an optical micrograph of a portion of an LS2 glass that has been crystallized at 675°C for 2 h.
Here, surface crystallization is dominant, observed as a shell growing radially from the surface. This and the primarily amorphous region in the upper part of Fig. 7(a) indicates a much larger surface nucleation rate than a volume nucleation rate. Fig. 7(b) shows an optical micrograph of a LS2 glass containing 0.005 wt% Pt that has been crystallized under the same conditions. The thinner surface crystal layer and the fine grain size in the volume of the sample reflect the larger heterogeneous nucleation rate on the Pt particles. As discussed, the results from the DTA measurements are consistent with these SEM studies.
Effect qfglaw" particle size and nucleating age_ ts
The DTA peak heights, 8Tp, measured at 15°C/min for 40 mg samples of as-quenched LS2 glass are shown as a function of the size of the glass particles in Fig. 8 The decrease in 8Tp with increasing particle size suggests that small particles of volume of the particle. Based on the experience that 8To is proportional to the number of nuclei [8] , then, no change should be observed as a function of particle size (for the same scan conditions and the same mass of sample), if the transformation proceed only by internal nucleation and growth (assuming the absence of finite particle size effects which are discussed in Ref. [6] ). The surface to volume ratio increases with decreasing particle size, however. For the same sample mass, an ensemble of smaller particles will contain considerably more surface area, and therefore an increasing number of surface nuclei with decreasing particle size, leading to the observed functional dependence.
To further investigate the competition between surface and volume crystallization in this LS2 glass, these measurements were repeated for LS2 glasses containing 0.001 and 0.005 wt% platinum added as a w'tS_ Pt gave a DTA peak height that was larger than 40°C when scanned at 15°C/rain.
The sample weight was adjusted therefore according to platinum content so that the DTA peak height should not exceed 8 to 10°C when the glass composed of 462 _m particles was scanned at 15°C/rain. This amount of glass was then maintained constant lot the measurements on other particle sizes. The weights used were approximately 15 mg for the 0.005 wt% Pt-doped glass and 20 mg for the 0.001 wtC/f Pt-doped ones.
A direct comparison of 8Tp among glasses was difficult since the magnitude of 8Tp is a function of the amount and the dopant level of the glass. A reduced peak height, 8Tp_ was therefore used:
6 Tp for a particular particle size 671_ = _ST_, for the smallest particle size used ' functional trend as the original peak height with particle size, but makes possible a direct comparison between results tot differently doped glasses, it is important to emphasize that the magnitude of 8T r is also a function of Pt doping; this is factored out when Eq. (3) is used to plot the data sets for different doping levels.
The particle size dependence of 8Tp_ lbr the undoped LS2 glass and for glasses containing 0.001 and 0.005 wt% Pt are compared in Fig. 9 There 8Tp_ increases with increasing particle size as opposed to the decreases observed in the undoped glass. For the glass containing 0.001 wt% Pt, 8Tpu remains nearly unchanged with increasing particle size. In this case as the particle size increases the decrease in 8Tp_, corresponding to a decrease in the surface crystallization, is nearly counterbahmced by the increase owing to the increasing internal crystallization due to platinum. These conclusions are supported by results obtained from computer simulations studies as a function of Pt impurities, which are presented in our companion paper [6] .
For all doped and undoped glasses, the crystallization peak temperature, lp, increased with increasing Particle size (lain) Fig. 10 . DTA peak temperature for the crystallization of LS2 glass as a funclion of particle size for three different Pl dopant lexels. A constant heating rate of 15:C/rain was used, particle size (Fig. 10) . Fig. l0 also shows that for any particle size, Tp decreases with increasing concentration of platinum in the glass, reflecting a lower stability against crystallization with increasing dopant level. Since all glasses have a similar behavior, however, the dependence of Tp on particle size, cannot readily provide information on the nature of the crystallization mechanism, i.e., whether it is surface or internal.
Although these changes in peak temperature as a function of particle size and Pt doping level might appear to be in contradiction with the results presented in Fig. 4 , this simply reflects the simultaneous surface and volume crystallization. For small particles of undoped glasses, surface crystallization is the dominant mechanism ( Fig. 7) , quickly transforming the particles. The crystallization time at a given temperature increases with increasing particle size, however, due to the increasing importance of volume crystallization.
As shown by the data in Fig. 10, [ or a non-isothermal scan, this has the effect of displacing the peaks to higher temperature, where the transformation rate is faster. All of the data in Fig. 4 That a larger change in the peak temperature is observed for particles of similar size with Pt doping than with non-isothermal annealing in the nucleation zone simply reflects the high number and catalytic efficiency of the Pt impurities. That the change in peak temperature with particle size is less for the more heavily doped glasses reflects the increased volume transfof mation rate, now comparable with the surface crystallization rate (Fig. 7b ).
As was discussed in Section 3.1, like 8Tp the peak half width, ATp, and the crystal growth dimension. n, can also be used to predict whether a glass transforms predominantly by surface or internal crystallization. From Eq. (2), n is a function of Tp, ATp, and the activation energy for crystallization, E. Both
Tp and ATp change with particle size and also with the platinum content in the glass. It is difficult, then. 
Eft'cots of water content
As was discussed in Section 2, this investigation was extended further by deliberately changing the surface characteristics of the glass particles, exposing some samples to a moist atmosphere (wet samples) and annealing others in a dry environment (dry samples).
Samples were subsequently scanned at 15°C/min in the DTA. Fig. 12 Particle size (lam) Fig. 13 . DTA peak temperature for the crystallization of LS2 glass as a function of particle size for glasses exposed to atmospheres of different water content. All particles were heated at a constant rate of lY_C/min. pies, Further, the effect is greater for the smaller particles, where the surface to volume ratio is larger.
These results are consistent with the known effect that water increases the atomic mobility in LS2 glass [18, 19] . The surface growth rate will be increased up to the point corresponding to the diffusion depth of the water. Since this distance is the same for the smaller and larger particles, the surface crystallization will be accelerated proportionally more for the smaller particles. For comparison, the dependence of _T v on particle size for the glass stored in a vacuum desiccator (solid triangles) is also shown. The cnrve lot the glass stored in the vacuum desiccator is very close to that for the dry glass, indicating that as expected, storing in a vacuum desiccator keeps this glass reasonably dry.
As for the glasses doped with platinum, the dependence of To on particle size for the wet and dry glasses fails to provide any information concerning the dominant crystallization mechanism (Fig. 13) .
The values of To for the wet and dry glasses are nearly indistinguishable. They increase with increasing particle size indicating only an increased resistance to crystallization as the particle size increases.
On the other hand, T_/,_T_, for the wet and dry glasses shows a functional dependence (Fig. 14) similar to that of _Tv (Fig. 12) , and is considered to be a more useful parameter for understanding the crystallization mechanism in glasses. Since hydrating 
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